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Abstract
Objective—Hearing conservation programs have been mandatory in many US industries since 
1983. Since then, three program elements (audiometric testing, hearing protection, and training) 
have been the focus of much research. By comparison, little has been done on noise exposure 
evaluation.
Design and study sample—Utilizing a large dataset (>10,000 measurements over 20 years) 
from eight facilities operated by a multinational aluminum manufacturing company, we evaluated 
several approaches to assessing temporal trends in Time Weighted Average (TWA) exposures and 
the fraction of measurements exceeding 85 dBA by facility, by exposure group within facility, and 
by individual worker within facility.
Results—Overall, exposures declined across locations over the study period. Several facilities 
demonstrated substantial reductions in exposure, and the results of mean noise levels and 
exceedance fractions generally showed good agreement. The results of analyses at the individual 
level diverged with analyses by facility and exposure group within facility, suggesting that 
individual-level analyses, while challenging, may provide important information not available 
from coarser levels of analysis.
Conclusions—Validated metrics are needed to allow for assessment of temporal trends in noise 
exposure. Such metrics will improve our ability to characterize, in a standardized manner, efforts 
to reduce noise-induced hearing loss.
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Occupational hearing loss is one of the most common occupational diseases in the US and 
other developed and developing nations (Sataloff & Sataloff, 1996). In an attempt to address 
this issue, the United States (US) Occupational Safety and Health Administration (OSHA) 
promulgated a regulation establishing a 90 dBA eight hour Time Weighted Average (TWA) 
Permissible Exposure Limit for occupational exposure to noise in 1972 (OSHA, 1971). This 
regulation was later recognized to be inadequately protective of worker health, so OSHA 
created an amendment requiring the establishment of hearing conservation programs 
(HCPs). The Hearing Conservation Amendment (HCA) went into effect in 1983 (OSHA, 
1983), and established an 85 dBA TWA Action Level. TWA exposures >85 dBA are widely 
recognized as capable of causing noise-induced hearing loss (NIOSH, 1998).
Since the passage of these regulations, some aspects of occupational hearing conservation in 
the US have showed tremendous innovation and improvement. For example, the HCA 
requires audiometric surveillance for noise-exposed workers, and this is now routinely 
performed for millions of US workers. Ongoing collection of audiometric data has produced 
opportunities for early detection of noise induced hearing loss; to this end a number of 
calculations of audiometric “shifts” have been required by OSHA and additional techniques 
have been developed for audiometric data analysis (Rabinowitz et al, 2006; Rabinowitz et al, 
n.d.; Royster & Royster, 1986; Adera et al, 1993)Advances have also been made in worker 
and supervisor training (NIOSH, 1998; Trabeau et al, 2008). Hearing protection device 
(HPD) use has also seen dramatic changes in the past 30 years, with the implementation of 
HPD use audits, the development of new, increasingly sophisticated types of HPDs, and the 
advent and increasingly widespread adoption of individual fit-testing of HPD attenuation. 
Finally, advances have been made in noise control, with the development and marketing of 
quieter industrial and construction equipment, largely as a result of initiatives and 
requirements developed outside of the US, and particularly in the European Union.
One area of HCPs in which very little progress has been made is the assessment of 
occupational noise exposures, allowing employers to determine whether occupational noise 
is being successfully controlled, since such control is considered to be the most effective 
means of preventing noise induced hearing loss. To be sure, there have been innovations and 
substantial improvements in the capability of noise measurement equipment. For example, 
use of modern dosimeters capable of assessing multiple channels of noise simultaneously, of 
measuring noise levels underneath HPDs while they are being worn, and of notifying 
workers in real-time of exposure situations is now widespread. However, there has been 
virtually no work on a critical element of HCPs – the evaluation of trends in noise exposure 
among workers enrolled in HCPs to determine whether individual exposures are in fact 
decreasing.
While consensus methods have been accepted for the measurement of noise, for a variety of 
aspects of audiometric surveillance, and for testing of hearing protector attenuation achieved 
by workers, no consensus methods appear to exist for analysis of noise exposure trends. 
Even the recommendations for frequency of noise monitoring are ill-defined, with some 
agencies arguing for routine, scheduled monitoring (NIOSH, 1998) and others suggesting a 
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need for monitoring only after major changes (OSHA, 1983). This is surprising, given the 
fact that noise assessments represent the foundation of any HCP; without such assessment, it 
is not possible to judge the adequacy of HPDs, to tailor worker training to the levels found 
in a particular facility, or to identify appropriate noise control measures. Some evidence 
even suggests that frequent monitoring of noise exposures, with regular feedback to workers 
about their own exposure levels, may result in altered worker behaviors (Michael et al, 
2011) and even reductions in noise exposure (McTague et al, 2013).
In both historical and contemporary occupational health settings, the success of HCPs has 
typically been judged through evaluation of audiometric surveillance results or qualitative 
measures, e.g., input from focus groups (Prince et al, 2004). There are many examples of 
studies which have examined audiometric results in an attempt to determine the 
effectiveness of HCPs, including studies of longitudinal data across one (Savell & 
Toothman, 1987; Brink et al, 2002) or multiple (Lee-Feldstein, 1993; Dement et al, 2005) 
facilities within the same industry or military occupations (Wolgemuth et al, 1995; Muhr & 
Rosenhall, 2011)Several studies that have utilized audiometric results to analyze HCP 
effectiveness have found that audiometric test results do not align well with categorized 
noise exposures (e.g., “high” vs “low”) (Bohnker et al, 2002). Only a few studies have also 
evaluated quantitative noise exposures with regards to HCP performance (Savell & 
Toothman, 1987; Lee-Feldstein, 1993; Davies et al, 2008), and some have determined that 
categorized exposures are more useful than continuous quantitative estimates (Heyer et al, 
2011). Some studies have also suggested that ANSI guidance on HCP analysis using 
audiometric test results is not useful (Simpson et al, 1998; Adera et al, 1993)
Together these findings suggest a need for new approaches to evaluate the performance of 
HCPs in terms of success at controlling noise. Unfortunately, most HCPs utilize lagging 
indicators of program performance, such as trends in audiometric test results, and will 
therefore always be reactive in nature. By the time a trend in hearing loss is identified, 
irreversible damage to workers’ hearing has already occurred. Routine, ongoing noise 
exposure assessments and trend analyses offer a potential leading indicator of program 
performance. Intuitively, if occupational noise levels are being reduced over time, the risk of 
occupational noise-induced hearing loss is also reduced to some degree. However, without 
standardized tools for assessment of noise exposure trends, analyses of such trends will 
remain limited – and in many HCPs, noise measurements appear to be partially or 
completely disconnected from audiometric program elements (Biggs & Everest, 2011; 
Pelausa et al, 1995).
Given the paucity of information available on this topic, and the importance of noise 
assessment and control in HCP effectiveness, standardized statistical approaches to evaluate 
noise trends are needed. In defining such approaches, three aspects must be considered: the 
amount of noise measurement data available; the metric of choice; and the level of analysis. 
Limited or sparse noise measurement data complicate the evaluation of trends in noise 
exposures, and may require application of Bayesian approaches, which are beyond the scope 
of this paper. A robust dataset of noise measurements creates opportunities for a wide range 
of analytical approaches. The metric of choice must also be determined. With noise, two 
metrics are commonly used: the mean noise level, typically computed across TWA 
Neitzel et al. Page 3













measurements, or an exceedance fraction (e.g., the percentage of measurements which 
exceed a specified noise level, often 85 dBA). The level of analysis is also an important 
issue. For example, some authors have suggested that individual-level assessments represent 
the gold standard for occupational exposure assessment (Nieuwenhuijsen et al, 2006), while 
others have actively argued against an individual approach (Royster et al, 2003), or 
suggested that group-level assessments were more desirable (Tielemans et al, 1998). If a 
group-based approach is adopted, at what level should groups be developed? Grouping 
strategies may focus on different facilities (e.g., a facility-level analysis), or on the creation 
of Similar Exposure Groups (SEGS) (Bullock & Ignacio, 2006) based on some shared 
determinant of exposure. A few studies have explored different strategies for examining 
facility- or site-level exposures (Neitzel et al, 2011c; Davies et al, 2009)group-based 
exposures (Neitzel et al, 2011a; Davies et al, 2008), and individual-level exposures (Neitzel 
et al, 2011b) to noise, and very few have done so longitudinally in order to look for trends 
(Neitzel et al, 2011b). The results of these studies have been variable, which suggests that 
these approaches may yield differing, and potentially conflicting, conclusions regarding 
trends in noise exposure.
The goal of this study was to use a large existing industrial noise exposure dataset to 
develop and evaluate several novel metrics for use in evaluating the effectiveness of hearing 
loss prevention programs. Workers exposed to high noise at facilities operated by the 
participating company are enrolled in the company’s comprehensive HCP, which predates 
OSHA’s HCA. As part of this program, individual facilities are required to take a number of 
steps to protect workers’ hearing, including noise exposure assessment, noise control efforts, 
baseline and annual audiometric testing for workers in the program, worker training, and use 
of hearing protectors. Company locations are encouraged to assess and control noise 
exposures. However, an analysis of noise exposure trends involving multiple facilities had 
not been conducted.
Methods
This study was conducted using a large administrative dataset of noise exposures associated 
with work in the aluminum industry. The dataset included measurements made between 
1992 and 2011 at eight different facilities operated by the participating company, which 
ranged from medium sized (~500 employees) to large (>1500 employees) (Table 1). The 
facilities are involved in a variety of operations, including smelting, ingot production, 
forging, and sheet rolling, and workers at each facility perform a wide range of jobs related 
to the production of aluminum and manufacture of aluminum products. These facilities were 
selected because they had complete noise measurement data available for the entire study 
period, and because employment records at the facilities allowed workers in given job titles 
to be collapsed into standardized exposure classifications.
All data used for this study were made available as the result of a partnership between the 
participating company, Stanford University, and Yale University that was developed with 
the goal of identifying and implementing occupational safety and health policies for the 
company. These ongoing studies have been reviewed by the human subjects committees for 
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both institutions. Analyses were conducted using SAS 9.3 (SAS Institute, Cary, NC); results 
were considered significant where p<0.05.
Data sources—The company maintains a number of computerized databases to facilitate 
its US operations. While these databases are unique in both purpose and design, 
development of a system of encrypted unique identifiers has enabled the company, working 
with a research team from Yale University School of Medicine, to link the datasets. This 
allowed for the linkage of the human resources (HR) database containing job history data for 
each employee to noise measurements contained in the company’s industrial hygiene (IH) 
database. Additional details on each of these databases are provided below.
HR database: The HR database was used to construct job histories from 1992 to 2011 for 
each hourly worker at the eight study plants. This database, described in detail elsewhere 
(Pollack et al, 2007; Taiwo et al, 2009), contains complete demographic and job history 
information for each employee.
Industrial hygiene database: Noise exposure data were obtained from the company’s 
industrial hygiene (IH) database. Thecompany requires routine random personal noise 
measurements for all jobs with exposures that potentially equal or exceed an 8-hour TWA of 
82 dBA, and workers must be enrolled in the company HLPP in areas where at least 5% of 
the noise measurement samples equal or exceed this level. These personal measurements are 
used to estimate an average noise exposure level for each job. Note that the company’s 
voluntary 82 dBA TWA occupational exposure limit is more protective than the mandatory 
85 dBA Action Level for hearing conservation established by the Occupational Safety and 
Health Administration (OSHA)
Metrics and data analysis—Our analysis included hourly employees at the eight 
locations who had job titles we were able to link to a standardized code, described in detail 
below. We developed and evaluated a number of metrics, including metrics designed to 
assess the degree of noise exposure assessment activity at each facility, as a surrogate for 
resources dedicated to the facility’s HLPP; and metrics designed to assess changes in noise 
levels over time at the level of facility, for SCs within facility, and for individual workers 
within facility. Each of these metrics is described below.
We evaluated the average number of noise measurements per year over the study period, and 
normalized this to a rate per 100 employees. This normalization allows for a more fair 
comparison of noise measurement efforts across facilities with differing numbers of 
employees. Use of an average number of measurements, rather than a rate, could make 
measurement efforts at smaller facilities appear inadequate compared to larger facilities 
where more measurements are needed to accurately characterize exposures in a larger and 
more diverse workforce. This metric was intended to provide a crude evaluation of the 
resources each facility dedicated to noise exposure assessment, which may be an indicator of 
overall resources dedicated towards the facility’s HLPP over the entire study period. To 
evaluate more recent efforts regarding noise exposure assessment, we computed the average 
number of measurement per year over the three-year period 2009-2011 for each location, 
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and also the ratio of the normalized rate of measurements in these final three years to the 
overall study period (as a measure of intensity of recent measurement activity).
To assess noise levels at the facility level, we calculated the mean TWA noise levels across 
all measurements made in the first (1992-1994) and last (2009-2011) three years of our 
study period for each location. We also calculated the percent of noise measurements that 
exceeded 85 dBA (i.e., exceedance fractions) during these two periods. We then computed 
annualized rates of change for both mean noise exposure (dBA/year) and percent of 
measurements exceeding 85 dBA (%/year) by fitting a simple linear regression line which 
incorporated annual average levels across the entire study period (1992 -2011 using the 
mean noise exposures and percentage of noise exposures over 85 dBA, respectively.
By use of a process described elsewhere (Pollack et al, 2007), job titles in the company IH 
database were collapsed into standardized codes (SCs) to enable linkage of exposure 
information collected by job title to individual workers. SCs were created by company 
personnel by identifying different job titles which conduct essentially identical work tasks 
and aggregating these job titles under a single standardized name (e.g., an SC); they can be 
considered to be analogous to SEGs. SCs were created based on work tasks to simplify 
exposure assessments, and were not created specifically to evaluate noise. Occupational 
noise exposure levels for each SC for the study period of 1992 to 2011 were created by 
assigning the arithmetic mean of all full shift personal noise measurements available within 
that period for all jobs within that SC. Workers in jobs for which no noise measurements 
were available (about 10% of jobs) were excluded from this analysis. For workers who 
changed SCs within a given study year, we weighted the assigned noise exposure 
assignment by person-months contributed to each SC during that year.
To assess noise levels at the SC level, we calculated mean SC TWA noise levels for the first 
(1992-1994) and last (2009-2011) three years of our study period for each location. We also 
determined the percent % of SCs with an average noise exposure > 85 dBA for the same 
periods for each location. Annualized rates of change in SC for mean noise exposure (dBA /
year) and % SCs with an average noise exposure >85 dBA were then calculated by fitting a 
simple linear regression line across all annual values with these metrics from 1992-2011. 
SCs with fewer than 3 noise measurements were not used in these calculations, and 
regressions were weighted by the number of SCs in each year.
We evaluated noise levels for individual workers by assigning SCs and corresponding 
average noise exposure levels to each job a worker had over the entire study period. The 
average noise exposure was calculated for the first (1992-1994) and last (2009-2011) three 
years of our study period for each location. The annualized rate of change in noise exposure 
(dBA/year) was then calculated for each worker by fitting a simple linear regression line 
through all of their individual-level annual noise exposures over time. The average slope of 
these individual exposure level changes over time was then calculated for each location. As 
a sensitivity analysis, we repeated this analysis after adding in employees in a job with no 
noise exposure measured, and assigning these jobs an exposure level of 65 dBA, a level 
which approaches by does not exceed 70 dBA, the level at which no hearing loss is expected 
regardless of duration of exposure (EPA, 1974) We conducted this sensitivity analysis to 
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evaluate the potential importance of low-level noise exposures among employees otherwise 
excluded from our analyses.
Results
The facilities included in the study employed 12,534 hourly workers over the study period 
from 1992-2011 who received at least two audiograms, had audiometric data at least every 
other year during their employment, and worked in noisy jobs (Table 1). Approximately 
59% of workers in the study came from three of the eight facilities (numbers 1, 3, and 7). All 
facilities had stable or increasing employment over the study period.
The eight study facilities collected a total of 10,782 full-shift TWA noise measurements 
over the entire study period (Table 2). Facilities 1 and 5 had high measurement rates. 
Facility 4 had the second-lowest rate of measurements at baseline, but showed a tremendous 
increase in measurement activity in the last three years of the study period, when it made 
72% of its total measurements. The overall rate of measurements per 100 employees was 
slightly higher in the final three years (7.0 per year per 100 employees) than over the entire 
study period (6.4 per year per 100 employees). Facility size did not appear to be a significant 
factor in measurement effort over the entire study period.
Measured noise levels and exceedance fractions are presented in Table 3 at the level of 
facility. The range of mean TWA noise levels at baseline by facility was nearly two times 
greater in the final period than the baseline period. Facility 2 had the highest mean TWA 
levels and exceedance fractions in the baseline and final periods. Four of eight facilities in 
the baseline period had mean TWA levels >85 dBA, while only one facility (number 2) had 
a mean TWA level >85 dBA in the final period. Noise levels and exceedance fractions were 
reduced over the study period for all facilities except 3. Facility 6 showed the greatest 
annualized reduction in mean noise levels (−0.79 dBA/year), and facility 7 showed the 
greatest annualized reduction in exceedance fraction (−3.35%/year). Five of eight 
coefficients for annualized change in noise levels, and four of eight for annualized change in 
exceedance fractions, reached statistical significance (p<0.05).
Table 4 presents the noise levels at the SC level within facility. With one exception (location 
5), the number of SCs within each facility remained stable or increased over the study 
period. Mean noise levels at baseline again varied among the study facilities, and the range 
of levels was again nearly twofold larger in the final period than the baseline period. The 
changes in mean noise levels and in exceedance fractions at the SC level indicated a general 
reduction in noise levels among exposure groups within these facilities. Facility 2 again had 
the highest mean noise levels and exceedance fractions by SC within facility in the baseline 
and final periods. Facility 6 showed the largest reduction in mean noise levels and 
exceedance fraction over time. Only one facility (3) showed an increase in mean noise levels 
and exceedance fraction over the study period at the SC level. Five negative slope 
coefficients for annualized changes in noise levels, and five for annualized changes in 
exceedance fractions, achieved statistical significance.
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Noise exposures analyzed at the individual level showed generally consistent results (Table 
5). Facility 5 had the largest decreases in mean noise levels by individual within facility. 
Average rates of change in noise exposure at the individual worker level were negative for 
six out of eight facilities. The facilities which showed increasing noise levels at the level of 
individual within facility (4 and 8) were different from the facility identified as having 
increasing noise trends at the facility level (Table 3) and SC within facility (Table 4).
As a sensitivity analysis, we repeated the above analyses after adding in individuals who 
were enrolled in HCPs at the study facilities but who did not have assigned noise exposures. 
These individuals were assigned exposures of 65 dBA for this purpose of this secondary 
analysis. The results of this analysis (data not shown) did not differ substantially from those 
of our primary analyses, suggesting that exclusion of presumably non-noise exposed 
individuals from this HCP analysis did not influence our findings.
Discussion
This study presents the results of a large-scale, multi-metric analysis of noise measurements 
made to support HCPs at eight different facilities operated by a single multinational 
aluminum manufacturing company. The metrics used in the study – mean TWA noise level 
and percent of TWA noise measurements >85 dBA – combined with analyses conducted at 
the facility level, at the level of SC within facility, and at the level of individual within 
facility, represent one of the few temporal analyses of noise measurement data in the 
published literature.
The majority of facilities showed decreasing noise levels over time. However, there are 
some discrepancies between the results of analyses at the various levels. Facility 3 showed 
increased noise levels and increased exceedance fractions at the facility and SC within 
facility levels, but showed reductions in noise levels and exceedance fractions at the 
individual within facility level. Facilities 4 and 8 demonstrated reductions in noise levels 
and exceedance fractions at the facility and SC within facility levels, but demonstrated 
increases in noise exposure at the individual within facility level.
While the two exposure metrics assessed here (noise levels and exceedance fractions) 
generally show good agreement, there is incomplete convergence of trends evaluated at the 
facility level and the SC within facility and individual within facility levels. The fact that 
trends at the facility and SC within facility levels were generally consistent suggests that 
analyses at the level of facility and SC within facility yield similar results. If this is the case, 
facility-level assessment would be preferable for simplicity and ease of analysis. Facilities 
with the highest noise levels generally had the greatest reductions in noise, but even with 
these reductions exposures at these facilities may have remained high enough to produce 
noise-induced hearing loss. One key difference between the individual within facility level 
of analysis and analysis at the facility and SC within facility level is that in the individual-
level analysis, changes in noise levels are computed after noise levels are assigned to 
individual workers, whereas in the facility and SC within facility analyses changes in noise 
levels are computed without consideration of individual workers. If the measurements made 
in various areas of the participating facilities were collected in a way that was biased in 
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comparison to individuals’ true exposures – for example, if noise levels assigned to an SC 
consistently over- or under-estimated the exposures of individual members of that SC, or if 
certain exposures occurring within an SC were assessed in a manner that was 
disproportionate to the number of workers within that SC that received that exposure (i.e., 
oversampled), different results would be expected for an individual-level analysis (as we see 
here) compared to facility and SC within facility level analyses. At an individual worker 
level, the magnitude and effects of bias in exposure assignment or effects of 
disproportionate exposure sampling are difficult to assess. However, the potential existence 
of such bias cannot be discounted. This highlights the need for worker and area sampling 
techniques used to establish exposures for SCs to be representative of workers’ actual 
exposures and activities. Random sampling, which is extensively employed by the company, 
is one way to increase the likelihood that exposure data are representative, and increases our 
confidence that the differences between facility-level and individual-level analyses are real. 
The differences between the individual and other levels of analyses presented here suggests 
that individual-level analyses, while complicated, have merit and may provide insights into 
exposure that the facility and group-level analyses cannot.
Despite similarities in management structure that would be expected among facilities 
operated by the same company, substantial differences were noted in the intensity of the 
noise measurement effort at the study facilities. These differences did not appear to be 
related to the number of workers employed at the facilities, but may be related at least in 
part to the type of operation at each facility. Generally, the facilities that collected the most 
noise measurements featured smelting and sheet mill operations. These operations are 
among the noisiest in aluminum manufacturing. It is notable that, at baseline, four of eight 
facilities (Table 3) had mean TWA noise levels at or above 85 dBA, while during the final 
three years of the study only one did, and that substantial reductions in exceedance fractions 
were also seen at five of eight facilities over the course of the study. While these reductions 
may have resulted from a variety of circumstances – for example, noise control efforts or 
economic and production changes – regardless of the reason, this trend nevertheless 
demonstrates that reduction of noise levels over time is feasible.
There are few studies to which our evaluation of temporal trends in noise exposure can be 
compared. Neitzel et al (Neitzel et al, 2011b) evaluated over 1,000 TWA noise 
measurements made on construction workers in Washington state between 1998 and 2008 as 
part of a prospective study of noise-induced hearing loss. Only a single metric, TWA noise 
level, was assessed, all analyses were conducted at the level of the individual worker, and 
the only temporal evaluation conducted was a simple linear regression applied to TWA 
noise levels over time. The slope of the regression line was not significantly different from 
zero, leading the authors to conclude that noise levels in the construction industry did not 
increase or decrease substantially over the 10-year study period. A previous study of 
employees of the same aluminum manufacturing company assessed here examined temporal 
variations in noise exposures of 418 different jobs, and found significant trends in only 33 
(Rabinowitz et al, 2007). Middendorf (Middendorf, 2004) conducted an analysis of more 
than 150,000 compliance measurements made by OSHA between 1979 and 1999 as part of 
routine inspections of and consultations with manufacturing facilities and other workplace 
types. Linear regression analyses indicated an overall decline in both number of 
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measurements and measured noise levels over the study period. Manufacturing noise levels 
measured according to the OSHA AL decreased by about 0.2 dBA/year between 1979 and 
1999. Noise levels were also found to increase by 0.3 dBA with every increase of 100 in 
facility employment. Similar changes were seen in the service industry. The limitation of 
this analysis of OSHA data is the source of data itself – OSHA measurements are often 
made to represent “worst case” scenarios, so the data analyzed likely represent only the 
upper end of the exposure distribution, unlike the current dataset, which better reflects the 
full range of exposure conditions.
The intensity of the noise measurement effort at the participating company was high overall. 
Across all facilities, on average nearly 8% of the workforce completed full-shift noise 
measurements each year. By comparison, Daniell et al (Daniell et al, 2006) found that the 
majority of companies in eight different industries in Washington state reported making 
noise measurements as part of their HCP, but that most companies did not keep good 
records of these measurements or analyze trends or patterns in the measured noise levels. 
The large number of full-shift TWA measurements made at most plants over the study 
period compares favorably to other studies of HCPs (Lee-Feldstein, 1993; Brink et al, 2002; 
Davies et al, 2009) and the fact that the high rate of measurements was sustained by many of 
the study facilities across the entire study period is an indication of an active approach to 
noise exposure assessment at the corporate level.
Limitations
Despite the large dataset available for analysis, this study had several limitations. The most 
important limitation is the lack of detailed individual-level information regarding use of 
hearing protection devices by the workers assessed in the study. There is undoubtedly 
measurement error and misclassification in the noise exposure estimates assigned to the 
facilities, SCs within facilities, and individuals within facilities that were evaluated in this 
study. However, it is likely that this measurement error is quite small compared to the error 
introduced through our inability to adjust for exposure reductions resulting from hearing 
protection use. The proper use of hearing protection can result in 30 dB or more reductions 
in noise exposures measured through conventional dosimetry (Berger, 2000), while incorrect 
use of hearing protection can result in attenuation of only a few dB (Neitzel & Seixas, 
2005), and non-use of hearing protection results in zero attenuation. Use of hearing 
protection among workers employed by the participating company is generally high; 
however, it is possible that there was differential use among workers at different facilities, 
and attenuation achieved by an individual user of hearing protection can also vary over time. 
Previous studies of this workforce have suggested that use of hearing protection may be 
higher in high noise environments (Rabinowitz et al, 2007). Uncertainties with regard to 
hearing protection use could be addressed through individual-level correction for hearing 
protection use. Unfortunately, however, such data were not available for use in this study.
An additional factor that limits our ability to draw inferences about trends in noise exposure 
at the study facilities is our lack of detailed knowledge about conditions and circumstances 
at these facilities over the study period. For example, no information was available about a 
number of potential factors that could influence noise measurement efforts at the facilities, 
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such as changes in management or occupational health and medical personnel, recordable 
hearing losses, hearing loss claims, inspections by compliance officers or corporate auditors, 
labor-management relations, etc. In addition to possible variations in local conditions, the 
aluminum manufacturing industry also experienced economic swings over the study period, 
which resulted in fluctuations in employment and production. These swings may have 
substantially influenced noise levels at the participating facilities in a way that was 
completely independent of the HCPs operated by each facility. Some of the facilities may 
also have implemented noise controls during the study period and reduced the need for an 
ongoing measurement campaign. This would be a desirable outcome, yet such plants would 
then appear to have a reduced measurement intensity.
Conclusions
The results of our study suggest that a focus on changes in measured noise levels, rather than 
changes in exceedance fractions, may yield more robust results. Facility-level analyses are 
the simplest approach to temporal evaluations, and produced results that were generally 
consistent with analyses conducted at the level of SC within facility, which represents a 
more challenging and complicated analysis. Individual-level analyses, while much more 
complicated to execute, provide additional useful information about HCP performance. 
Differing results between the individual-level and facility- or SC within facility-level 
analyses may be a useful indicator of problematic noise measurement approaches, such as 
oversampling areas where few workers are employed or potential biases in exposure levels 
assigned to SCs. None of these approaches should be interpreted as a proven method; rather, 
these and other approaches need to be evaluated in a number of different industries, and 
should also be assessed for different types of noise exposure. Many exposures in aluminum 
manufacturing are relatively constant, which is a very different temporal pattern than what 
might be experienced in, for example, the construction or service industries.
Current use of audiometric test data as a lagging indicator of noise levels is a reactive 
approach and can never result in the proactive correction of overexposures to noise. 
Nevertheless, this is the approach that most HCPs take – if they conduct any temporal 
analysis at all. This study highlights the importance and need for leading indicator metrics 
that can evaluate the performance of HCPs prior to the occurrence of irreversible noise-
induced hearing loss. Further development of methods and metrics for temporal evaluation 
of noise levels at both the individual- and facility-level is needed and can help address this 
common HCP deficiency.
Acknowledgements
This research was funded by a grant from the National Institute for Occupational Safety and Health, 
R01OH01013202, and by Alcoa Inc. The authors are grateful to Alcoa Inc. for the company’s cooperation with this 
study.
References
Adera T, Donahue AM, Malit BD, Gaydos JC. Assessment of the proposed Draft American National 
Standard method for evaluating the effectiveness of hearing conservation programs. J. Occup. Med. 
1993; 35(6):568–73. [PubMed: 8331436] 
Neitzel et al. Page 11













Berger, EH. Chapter 10: Hearing protection devices. In: Berger, EH.; Royster, LH.; Royster, JD.; 
Driscoll, DP.; Layne, ML., editors. The Noise Manual (5th ed). American Industrial Hygiene 
Association; US: 2000. p. 379-454.
Biggs T, Everest A. British military hearing conservation programme. Clin. Otolaryngol. 2011; 36(3):
299–301. [PubMed: 21752231] 
Bohnker BK, Page JC, Rovig G, Betts LS, Sack DM. Navy Hearing Conservation Program: threshold 
shifts in enlisted personnel, 1995-1999. Mil. Med. 2002; 167(1):48–52. [PubMed: 11799813] 
Brink LL, Talbott EO, Burks JA, Palmer CV. Changes over time in audiometric thresholds in a group 
of automobile stamping and assembly workers with a hearing conservation program. AIHA J 
(Fairfax, Va). 2002; 63(4):482–487.
Bullock, W.; Ignacio, J. A Strategy for Assessing and Managing Occupational Exposures. 3rd ed. 
American Industrial Hygiene Association; Fairfax, VA: 2006. 
Daniell WE, Swan SS, McDaniel MM, Camp JE, Cohen MA, et al. Noise exposure and hearing loss 
prevention programmes after 20 years of regulations in the United States. Occup Env. Med. 2006; 
63(5):343–351. [PubMed: 16551755] 
Davies H, Marion S, Teschke K. The impact of hearing conservation programs on incidence of noise-
induced hearing loss in Canadian workers. Am J Ind Med. 2008; 51(12):923–931. [PubMed: 
18726988] 
Davies HW, Teschke K, Kennedy SM, Hodgson MR, Demers PA. Occupational noise exposure and 
hearing protector use in Canadian lumber mills. J Occup Env. Hyg. 2009; 6(1):32–41. [PubMed: 
18989837] 
Dement J, Ringen K, Welch L, Bingham E, Quinn P. Surveillance of hearing loss among older 
construction and trade workers at Department of Energy nuclear sites. Am J Ind Med. 2005; 48(5):
348–358. [PubMed: 16254949] 
EPA. Information on levels of environmental noise requisite to protect public health and welfare with 
an adequate margin of safety. EPA Report. 1974 550/9-74-004. 
Heyer N, Morata TC, Pinkerton LE, Brueck SE, Stancescu D, et al. Use of historical data and a novel 
metric in the evaluation of the effectiveness of hearing conservation program components. Occup. 
Environ. Med. 2011; 68(7):510–7. [PubMed: 21059594] 
Lee-Feldstein A. Five-year follow-up study of hearing loss at several locations within a large 
automobile company. Am J Ind Med. 1993; 24:41–54. [PubMed: 8352292] 
McTague MF, Galusha D, Dixon-Ernst C, Kirsche SR, Slade MD, et al. Impact of daily noise exposure 
monitoring on occupational noise exposures in manufacturing workers. Int. J. Audiol. 2013; 
52(Suppl 1):S3–8. [PubMed: 23373740] 
Michael K, Tougaw E, Wilkinson R. Role of continuous monitoring in a hearing conservation 
program. Noise Health. 2011; 13(51):195–9. [PubMed: 21368445] 
Middendorf PJ. Surveillance of occupational noise exposures using OSHA’s Integrated Management 
Information System. Am J Ind Med. 2004; 46(5):492–504. [PubMed: 15490475] 
Muhr P, Rosenhall U. The influence of military service on auditory health and the efficacy of a 
Hearing Conservation Program. Noise Health. 2011; 13(53):320–7. [PubMed: 21768736] 
Neitzel R, Daniell W, Sheppard L, Davies H, Seixas N. Evaluation and comparison of three exposure 
assessment techniques. J Occup Env. Hyg. 2011a; 8(5):310–323. [PubMed: 21491323] 
Neitzel R, Seixas N. The effectiveness of hearing protection among construction workers. J Occup 
Env. Hyg. 2005; 2(4):227–238. [PubMed: 15788384] 
Neitzel R, Stover B, Seixas NS. Longitudinal assessment of noise exposure in a cohort of construction 
workers. Ann Occup Hyg. 2011b Submitted. 
Neitzel RL, Daniell WE, Sheppard L, Davies HW, Seixas NS. Improving Exposure Estimates by 
Combining Exposure Information. Ann Occup Hyg. 2011c
Nieuwenhuijsen M, Paustenbach D, Duarte-Davidson R. New developments in exposure assessment: 
the impact on the practice of health risk assessment and epidemiological studies. Env. Int. 2006; 
32(8):996–1009. [PubMed: 16875734] 
NIOSH, 1998. Criteria for a Recommended Standard: Occupational Noise Exposure. Revised Criteria. 
1998:105.
Neitzel et al. Page 12













OSHA. O. S. and H. Administration. Occupational Noise Exposure (general industry). 1971; 
36:10466, 10518.
OSHA. Occupational Noise Exposure: Hearing Conservation Amendment; Final Rule. Fed Reg. 1983; 
48:9738–9785.
Pelausa EO, Abel SM, Simard J, Dempsey I. Prevention of noise-induced hearing loss in the Canadian 
military. J Otolaryngol. 1995; 24(5):271–280. [PubMed: 8537985] 
Pollack KM, Agnew J, Slade MD, Cantley L, Taiwo O, et al. Use of employer administrative 
databases to identify systematic causes of injury in aluminum manufacturing. Am. J. Ind. Med. 
2007; 50(9):676–86. [PubMed: 17676586] 
Prince MM, Colligan MJ, Stephenson CM, Bischoff BJ. The contribution of focus groups in the 
evaluation of hearing conservation program (HCP) effectiveness. J. Safety Res. 2004; 35(1):91–
106. [PubMed: 14992850] 
Rabinowitz PM, Galusha D, Dixon-Ernst C, Slade MD, Cullen MR. Do ambient noise exposure levels 
predict hearing loss in a modern industrial cohort? Occup Env. Med. 2007; 64(1):53–59. [PubMed: 
16973736] 
Rabinowitz PM, Galusha D, McTague MF, Slade MD, Wesdock JC, et al. Tracking occupational 
hearing loss across global industries: a comparative analysis of metrics. Noise Health. 14(56):21–
7. [PubMed: 22387709] 
Rabinowitz PM, Galusha D, Slade MD, Dixon-Ernst C, Sircar KD, et al. Audiogram notches in noise-
exposed workers. Ear Hear. 2006; 27(6):742–50. [PubMed: 17086083] 
Royster JD, Royster LH. Using audiometric data base analysis. J. Occup. Med. 1986; 28(10):1055–68. 
[PubMed: 3772540] 
Royster, LH.; Berger, EH.; Royster, JD. Noise Surveys and Data Analysis. In: Berger, EH.; Royster, 
LH.; Royster, JD.; Driscoll, DP.; Layne, M., editors. The Noise Manual. 5th ed. AIHA Press; 
Fairfax, VA: 2003. p. i-796.
Sataloff, RT.; Sataloff, J. Occupational Hearing Loss, 3rd Edition. Taylor & Francis; New York: 1996. 
Savell JF, Toothman EH. Group mean hearing threshold changes in a noise-exposed industrial 
population using personal hearing protectors. Am Ind Hyg Assoc J. 1987; 48(1):23–27. [PubMed: 
3565259] 
Simpson TH, Amos N, Rintelmann WF. Effects of pre-existing hearing loss on proposed ANSI S12.13 
outcomes for characterizing hearing conservation program effectiveness: follow-up investigation. 
J. Am. Acad. Audiol. 1998; 9(2):112–20. [PubMed: 9564673] 
Taiwo OA, Cantley LF, Slade MD, Pollack KM, Vegso S, et al. Sex differences in injury patterns 
among workers in heavy manufacturing. Am. J. Epidemiol. 2009; 169(2):161–6. [PubMed: 
18996885] 
Tielemans E, Kupper LL, Kromhout H. Individual based and group based exposure assessment: some 
equations to evaluate different strategies. Ann Occup Hyg. 1998; 42:115–119. al, et. [PubMed: 
9559571] 
Trabeau M, Neitzel R, Meischke H, Daniell WE, Seixas NS. A comparison of “Train-the-Trainer” and 
expert training modalities for hearing protection use in construction. Am J Ind Med. 2008; 51(2):
130–137. [PubMed: 18067179] 
Wolgemuth KS, Luttrell WE, Kamhi AG, Wark DJ. The effectiveness of the Navy’s Hearing 
Conservation Program. Mil. Med. 1995; 160(5):219–22. [PubMed: 7659208] 
Neitzel et al. Page 13


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Int J Audiol. Author manuscript; available in PMC 2014 June 23.
